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Abstract
The ESA ExoMars mission involves landing a rover on the surface of Mars on an exobi-
ology mission to extend the search for life. The locomotion capabilities of the ExoMars
rover will enable it to use its scientific instruments in a wide variety of locations. Before it
is sent to Mars, this locomotion system must be tested and its performance limitations un-
derstood. To test the locomotion performance of the ExoMars rover, three Martian regolith
simulants were selected: a fine dust analogue, a fine Aeolian sand analogue, and a coarse
sand analogue. To predict the performance of the ExoMars rover locomotion system in
these three regolith simulants, it is necessary to measure some fundamental macroscopic
properties of the materials: cohesion, friction angle, and various bearing capacity con-
stants. This paper presents the tests conducted to determine these properties. During these
tests, emphasis was placed on preparing the regolith simulants at different levels of density
in order to also evaluate the impact of density on the value of the parameters in particular.
It was shown that compaction can influence the Bekker coefficients of pressure-sinkage.
The shear properties are consistent with the critical state model at normal stresses similar
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to those of the ExoMars rover in all but one of the simulants, which showed behaviour
more consistent with transitional soil behaviour. It is necessary to give due consideration
to these variations to ensure a robust test regime is developed when testing the tractive
ability of the ExoMars mobility system.
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1. Introduction
Before a mission is launched to explore the surface of Mars or any other extra-terrestrial
body, it is essential to test the performance of all of its subsystems. For a mission like Exo-
Mars, the performance of the rover locomotion system is key to the quantity and diversity
of scientific data collected [1]. The locomotion system of ExoMars must thus be tested.
The surface of Mars is covered by regolith: dust, sand and rocks. The terms “soil” and
“regolith” are often used interchangeably in this field, and also in this article. Clearly, the
most accurate results for performance assessment of a rover would be to trial it on a system
testbed filled with substantial bulk of Martian regolith. However, no Martian regolith
has been returned to Earth to date, making it necessary to find an Earth-based material
analogue which mimics the mechanical properties of these soils that were determined
during previous Mars missions. The broad natural variation in the physical composition
of Martian regoliths lead to the classification of three common terrain types that a rover,
such as ExoMars, would be expected to traverse. These are defined as follows:
• Fine dust
• Fine aeolian sand
• Coarse sand
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(a) ES-1 (b) ES-2 (c) ES-3
Figure 1: Samples of Martian soil simulants
Three materials have been selected to fulfil these requirements. These are classified as
sandy or silty soils due to the fine particle sizes involved [2]. The simulants based on these
materials are named Engineering Soil Simulant-1 (ES-1), Engineering Soil Simulant-2
(ES-2) and Engineering Soil Simulant-3 (ES-3), comprised from Nepheline Stjernoy 7,
Red Hill 110, and Leighton Buzzard DA 30 respectively. All three materials are easily
available as off-the-shelf materials at local suppliers and have been procured in quantities
of approximately 1 tonne. A full description of these materials and their microscopic
properties is provided in a separate publication . Samples of each material are shown in
Figure 1 and their characteristic particle size distributions in Figure 2.
Existing performance prediction models for traditional robotic systems (and other
models such as those used for cone penetration tests [3]) are based on the macroscopic
properties of these soils, such as shear strength. The characteristics of the particles such
as shape, density and size distribution that influence the behaviour of the soil mass are
rarely considered [4]. Though there is a strong link between the mechanical properties of
soil and the microscopic properties of the individual soil particles, there is still much work
to be done to develop a widely accepted analytical model to relate one to the other [5],
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Figure 2: Characteristic particle size distributions for Martian soil simulants ES-1, ES-2
and ES-3
[6]. Therefore, while measurements of the physical parameters allow us to characterise
the regolith simulants, they are not sufficient to provide information on the mechanical
behaviour.
The macroscopic properties in classical soil mechanics are cohesion, C and angle of
internal friction, φ, defining the shear strength of a material. Properties including the sink-
age coefficients of cohesion and friction, kC and kφ respectively, and the sinkage exponent,
n, are used in the field of terramechanics, a widely used method for modelling vehicle
traction performance. Together, these parameters can be used to assess the ability of a
terrain to support the traversal of a given vehicle.
Numerous test methods are available to determine these parameters. In this research
the direct shear testing (DST) and pressure sinkage testing (PST) methods were selected.
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The DST provides a simple method of testing soil strength along a known shear plane [7]
and provides values for C and φ, related by the Mohr-Coulomb expression for soil shear
strength
τ = C + σ tan φ (1)
Where σ is the normal stress applied to the soil. The measured resistance to shearing,
τ, during the DST test takes one of two general forms, illustrated in Figure 3. In the case
of vehicle wheels or tracks the residual (or critical state) shear stress is an appropriate
measure of the “worst case” strength of a terrain. Based on the available information on
state of Martian soils, the tests described in this paper were required to be carried out on
dry samples of varying densities. The DST method allowed these parameters to be more
easily controlled over than in alternative methods.
The PST is a method proposed by Bekker [8] and further refined by Wong [9]. It
is used to obtain the remaining soil parameters by empirical measurement of the ground
pressure during sinkage. These parameters are related by the following equation:
p =
(
kC
b
+ kφ
)
· zn (2)
Where b is the width or diameter of the pressure plate used. The tests described here
were performed on the three simulant materials, selected due to both their particle size
ranges and their mineralogy to replicate the regolith types identified above. Other Martian
regolith simulants [10] [11] [12], Lunar regolith simulants [13] and Lunar regolith from
Apollo missions [14] [15] have also been subject to DST. PST on regolith simulants are
reported in [16].
For a given soil the density at which it is tested will have an impact on its mechanical
properties. This has been observed through tests such as the DST [17] [18], in-situ on the
lunar surface [19] [20], in wheel-soil interaction [21] [4], in leg-soil interaction [12], in
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Figure 3: Schematic of a DST shear box and the resulting stress τ, vertical displacement y
and void ratio e
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static penetration of soil by a regolith probe [22] [23] and in bio-inspired dual reciprocating
drilling into regolith [24]. The recent difficulties of the NASA rover Spirit on Mars are
most probably due to the loose compaction of the regolith where it is now trapped [25].
Such a low density regolith will be very challenging to traverse for any small vehicle. As
such, the DST and PST simulant test samples were prepared at three different densities.
This allows the variation in the mechanical properties of the three regolith simulants to
be studied. Moreover, the impact of density on the performance of a rover locomotion
system, such as that used on ExoMars, can be assessed.
2. Mechanical testing
2.1. Humidity content
Like density, the moisture content of loose sand can also significantly affect the me-
chanical parameters [26]. The simulants were stored in air-tight transportation drums and
tested in climate-controlled laboratories. The moisture content of each simulant was deter-
mined using the ASTM D2216-05 standard [27]. Each of the three materials were tested
shortly after delivery, after allowing time to acclimate to the laboratory conditions. Fur-
ther moisture measurements were completed during the DST and PST experiments with
samples taken at the same time as the test material. Multiple samples were collected,
weighed, and dried in an oven for 48 hours at 120◦C. The difference in mass was recorded
to determine the moisture content as a percentage of dry mass.
The initial tests were carried out in a laboratory with a temperature of 21.5◦C and hu-
midity of 31%. The DST was carried out on each material in the same laboratory, at this
time the average temperature was 19◦C and average humidity 39%. The PST was carried
out in an alternative laboratory, where the average temperature was 17.5◦C and average
humidity 38%. Table 1 summarises the moisture content measurements for each simulant
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On arrival (%) DST (%) PST (%)
ES-1
Moisture 0.35 0.30 0.29
Std. dev. 0.04 0.07 0.02
ES-2
Moisture 0.20 0.17 -
Std. dev. 0.03 0.05 -
ES-3
Moisture 0.34 0.22 0.19
Std. dev. 0.05 0.01 0.04
Table 1: Average moisture content of each simulant. (NB. No PST was carried out on
ES-2 due to insufficient quantity)
in each case. The materials were procured as “dry”, as necessitated by the requirement to
replicate the Martian conditions. The moisture content readings confirmed this assump-
tion, allowing each of the materials to also be considered dry.
2.2. Direct Shear Testing (DST)
2.2.1. Method
Three methods were used to prepare the DST samples to achieve the desired varia-
tion in density: pouring from a small height, pouring from higher distance and pressure-
compaction. The pouring techniques have been used previously to validate the preparation
of soil samples in 30 L soil bins and 250 mL cups, discussed in [28]. These methods
were tested in the direct shear apparatus and have been shown to give repeatable results
in each case. The pressure-compaction technique has also been shown in [29] to provide
repeatable results in DST preparation.
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Pouring simulant from a low height is used to prepare samples with high void ratios,
providing a low density. The method requires pouring of the material at a constant rate
into the shear box from the lowest achievable height. For the equipment used here this
was 10 cm above the top of the shear box. The medium density samples were prepared
by pouring from a height of sufficient magnitude to allow the soil grains to achieve their
terminal velocity, at which point the flow is fully turbulent. Previous experimental studies
on this technique have shown that a height of 40 cm or above is sufficient for granular
materials [30]. As such, a height of 50 cm above the top of the shear box was used when
preparing these samples.
High density samples were prepared with a method referred to as pressure-compaction.
This technique provides much higher densities, typically over 80% [29]. The method
requires the DST shear box to be filled in three stages, each layer being compacted by
imposing a static pressure and manual vibration before filling with the next.
Each low and medium density sample was prepared in place in the DST apparatus to
avoid unwanted disturbances to the delicate particle structure, the result of which would
be a change in the sample density. To determine the density of the low and medium
density samples, calibration runs using the respective pouring methods were performed on
the bench prior to the DST experiments. Once filled, the sample height in the shear box
was measured to obtain the volume. The complete shear box was then weighed and the
sample density obtained by subtracting the empty shear box weight. These values were
then assumed for each test using the respective preparation methods. As the high density
samples were already compressed outside of the main apparatus they were not sensitive to
such disturbances and could be measured and weighed before each test.
The resulting densities and the respective void ratios are presented in Table 2. In each
case, variation in the preparation method creates sufficient variation in samples density,
with a difference of nearly 0.2g/cm3 in the case of ES-2 and ES-3 and nearly 0.7g/cm3
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for ES-1. More importantly, the data have a standard deviation low enough to assume a
reasonably compact spread in density.
The tests were completed following the ASTM D3080-04 standard with a minor mod-
ification; porous inserts were not used as all simulants are dry. Figure 4 shows the ELE
apparatus used for this set of tests. Considering the estimated mass for ExoMars rover
breadboard, it was assumed that the target rover mass is approximately 200 kg. This
would produce an average mass of 33.3 kg distributed across 6 wheels or 66.6 kg across 3
wheels, if reducing the distribution due to wheel walking. Considering the average wheel
footprint of 11 cm x 11 cm, the pressure distribution in Martian gravity (3.69m/s2) would
be 10.2 kPa or 20.3 kPa, respectively. Using a standard 6 cm × 6 cm direct shear box, the
required masses will range from 3.7 kg to 7.4 kg. Therefore, a custom low mass hanger
with a mass of 0.58 kg and top cap with a mass of 0.54 kg were used. Three additional
hanging masses, 2 kg, 5 kg and 8 kg, were selected to provide a regular distribution of
normal stress across the required range. The resulting normal stresses are 8.7 kPa, 17.1
kPa and 25.5 kPa, referred to as low , medium and high pressure, respectively.
2.2.2. Results
Each test was repeated to provide a minimum of three consistent results. The final
shear stresses are measured at the critical state, where the stress is constant, and averaged
for each normal pressure. The friction angles and cohesion are shown for ES-1 in Table 3,
ES-2 in Table 4 and ES-3 in Table 5. Here, analysis of the failure envelopes has been com-
pleted using both the tangent method (or instantaneous yield loci) and the secant method
(or effective yield loci) [31]. Examples of each are shown in Figure 5. The secant method
of analysis for the DST, which assumes zero cohesion for each normal stress, will find a
range of internal friction angles for each relationship [32]. When a value for cohesion is
desired, the tangential method is used. In this case, a linear fit is found for the critical state
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Particle
density
(g/cm3)
Low
density
(g/cm3)
Medium
density
(g/cm3)
High
density
(g/cm3)
ES-1
Density 2.32 0.54 0.79 1.21
Std. dev. - 0.017 0.018 0.015
Void ratio (e) - 3.30 1.93 0.91
ES-2
Density 2.56 1.24 1.36 1.44
Std. dev. - 0.004 0.014 0.018
Void ratio (e) - 1.06 0.88 0.78
ES-3
Density 2.60 1.46 1.58 1.64
Std. dev. - 0.004 0.006 0.029
Void ratio (e) - 0.78 0.64 0.58
Table 2: Average density of each material when prepared using low, medium and high
density sample preparation techniques for direct shear testing.
11
(a) The shear box top cap supports the mass hanger, distributing the
pressure over the entire sample surface.
(b) A lightweight hanger and
5kg mass can be seen in place
over the shear box.
Figure 4: DST Apparatus
shear stress points at all normal stresses. Where this line intersects the y-axis determines
the cohesion in Pascals, while the angle of the line determines the angle of internal fric-
tion. However, the failure envelope is not strictly linear. As normal stress tends to zero,
the cohesion also has to tend to zero to ensure an intercept at the origin with zero normal
stress. At very low normal stresses this results in an increasingly higher gradient in the fit
line, increasing the friction angle and reducing the cohesion.
Simulant ES-1 is the only of the three soils to consistently show significant cohesion
at all compaction levels. While the instantaneous friction angle remains consistent, this
does result in variation in the effective friction angles. It is also the only material to show
notable difference in the cohesion as density is varied. As such, extremely fine materials
of this nature are likely to cause the greatest problems when assessing their trafficability
for rovers.
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Figure 5: Shear strength failure envelopes
The results for the ES-2 tests show that the instantaneous and effective friction angles
are similar in all density cases. This would imply the material would be expected to have
an extremely low cohesion. This would explain the negative cohesion observed in the low
and high density tests, where even a small error margin would offset the linear fit trend
line. The tests on ES-3 also show little variation in the instantaneous and effective values
of friction angle, also implying a very low cohesion. An exception to this is observed in
the high density tests, where a slightly higher cohesion has produced a lower instantaneous
friction angle. It is likely that the more robust preparation method causes the breakdown of
any metastable particle structure which may result from the less disruptive methods used
to prepare the low and medium density samples.
Typical plots for each simulant and at high normal pressure are shown in Figure 6.
Figure 7 shows the failure envelopes for each soil at each density.
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Density (g/cm3) Normal
pressure
(kPa)
Shear stress
(critical
state) (N)
Effective
friction
angle (◦)
Instant.
friction
angle (◦)
Instant. co-
hesion (kPa)
Low density
8.70 6.14 35.11
29.48 1.3317.10 11.20 33.22
25.50 15.64 31.51
Medium density
8.70 6.73 37.63
29.85 1.5017.10 10.85 32.34
25.50 16.36 32.68
High density
8.70 9.56 47.63
32.32 3.9017.10 14.41 40.11
25.50 20.18 38.36
Table 3: ES-1 soil simulant direct shear results
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Density (g/cm3) Normal
pressure
(kPa)
Shear stress
(critical
state) (N)
Effective
friction
angle (◦)
Instant.
friction
angle (◦)
Instant. co-
hesion (kPa)
Low density
8.70 6.76 37.84
38.16 -0.2417.10 12.85 36.94
25.50 19.96 38.05
Medium density
8.70 7.77 41.73
38.33 0.6417.10 13.65 38.60
25.50 21.04 39.52
High density
8.70 7.44 40.54
41.43 -0.8217.10 13.08 37.42
25.50 22.26 41.12
Table 4: ES-2 soil simulant direct shear results
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Density (g/cm3) Normal
pressure
(kPa)
Shear stress
(critical
state) (N)
Effective
friction
angle (◦)
Instant.
friction
angle (◦)
Instant. co-
hesion (kPa)
Low density
8.70 6.71 37.62
35.76 0.2617.10 12.20 35.49
25.50 18.80 36.41
Medium density
8.70 6.86 38.17
37.60 0.2517.10 13.60 38.50
25.50 19.79 37.82
High density
8.70 7.59 41.08
34.31 1.3717.10 12.48 36.13
25.50 19.05 36.76
Table 5: ES-3 soil simulant direct shear results
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Figure 6: Typical shear stress versus displacement curves obtained during DST of ES-1,
ES-2 and ES-3
2.3. Pressure Sinkage Testing (PST)
2.3.1. Method
The aim of a PST is to replicate the contact and surface pressure characteristics of
a vehicle’s mobility system on the terrain under testing. In terrestrial testing this is per-
formed on the terrain in-situ using an instrument such as a Bevameter [9], either using the
vehicle itself or one similar in design and weight. For the purposes of these experiments
the terrain has been simulated in the laboratory. Instead of a vehicle mounted Bevameter-
type instrument, a hydraulic bench-top ram, secured to the floor, is used to apply surface
pressure to the soil surface. The stroke length of the ram is 20 cm, enough to penetrate to
soil depths equal to and greater than half an ExoMars wheel diameter. Each test requires
a sample to be tested with a pair of disc shaped pressure plates. These are 5 cm and 12.5
cm in diameter, similar in contact area to that ExoMars is expected to produce. The plates
were sunk into each sample by manual pumping of the ram, with each pump providing a
few millimetres of sinkage; this was completed at a rate of approximately 2 cm a minute
Pressure readings were taken using a digitally recorded proving ring load cell and sinkage
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Figure 7: The failure envelopes of ES-1, ES-2 and ES-3, following direct shear testing.
measured using a Qualisys motion capture system, tracking a single marker mounted on
the ram shaft. Together these data provided the pressure-sinkage results required for anal-
ysis of the loading response of each simulant, providing values for coefficient of cohesion
kC, coefficient of angle of internal friction kφ, and soil exponent n.
To further simulate the terrain of the Martian surface, much larger quantities of the
simulant materials were used than in the DST experiments. In [29], a method is pre-
sented to determine the maximum depth reached by the shear zone activated in the soil
by the pressure plate. Considering the bulb of pressure within the soil, the pressure dis-
tributed vertically through soil from a square pressure plate shrinks exponentially as depth
increases [33]. It can be estimated that 8% of the applied pressure will be expected at
a soil depth twice that of the width of the plate (and 4% at a depth of three times the
width). Considering the maximum stroke length of the ram (200 mm) and the largest plate
dimension (125 mm), only 4% of the applied pressure would be expected at 57 cm from
the surface. Therefore, a sample depth of at least 60 cm would allow each test to have
minimal interference of the forces on the drum walls. This depth required much greater
quantities of simulant material for each test sample than that used in the DST. Modified
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storage drums were selected for this purpose to allow samples to be prepared to these
depths. Specifically, for ES-3, a 205 L steel drum 89 cm high and 59 cm in diameter was
used and for ES-1 a 64 L hard plastic bin measuring 53 cm high by 43 cm in diameter
(the 7 cm shortfall in depth can be adjusted for by using no more than 13 cm of the total
ram stroke length). When full, these containers held approximately 300-500 kg of simu-
lant. Due to a processing complication, insufficient quantity of ES-2 was manufacturedto
perform the PST, thus no tests or density measurements were conducted for ES2.
Despite the much larger scale, the preparation methods used in the PST are similar
to those used in the DST. The pouring technique makes use of a crane to lift and pour
the sand from one drum into another at a constant rate, achieved by the addition of a re-
sealable valve to the drum base. The height is above the required 50 cm to achieve terminal
velocity in the flow, and in this case provided the lowest density sample. To obtain high
density samples a vibration technique is used. An off-set motor attached to a 50 cm square
steel plate base supports the sample drum and vibrates the container as the soil is poured.
Once the drum is full, the vibration platform is turned off. An intermediate compaction,
the medium density, is achieved by preparation using the pouring method above to obtain
a low density sample. This is then vibrated for 10 seconds to settle the material. The
apparatus set up is shown in Figure 8a.
The very small particle size of the Nepheline powder (material used for ES-1) pre-
sented a health and safety issue due to the large quantities of dust left suspended in the
atmosphere. Therefore, to reduce the quantity of dust generated by the preparation of this
simulant, it was tested in the 64 L hard plastic bin instead of the 205 L steel drums. The
same three sample preparation techniques were used, however, the simulant was manu-
ally poured into the 64 L bin using a smaller container. As with the DST samples, these
preparation methods follow the same methodology as validated in [28].
The ES-1 and ES-3 sample densities were measured using both a volumetric mea-
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(a) Two 205 L drums are shown in preparation for
pouring a material sample
(b) Load cell used to record pressure readings
Figure 8: Pressure sinkage apparatus.
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surement and resin impregnation. As with the low and medium DST densities, it was not
possible to perform measurements on the actual test samples, as this would result in distur-
bances to the particulate structure. As such, calibration samples were prepared specifically
to obtain density measurements. In the case of ES-1 the volume of the sample prepared
in the 64 L hard plastic bin was measured. The bin volume was measured by filling with
water and measuring the mass. The density of water at room temperature was used to
determine the volume. This method was necessary over resin impregnation due to the
fine nature of the nepheline material. While it would be expected that the capillary action
which ordinarily draws the resin through the material would be improved by such a ma-
terial, this was not the case. The high viscosity of the resin did not allow the small voids
to absorb the liquid, resulting in a clogging action. While this may have been possible to
rectify with further diluting, it is likely even greater elongation of the resulting resin solid
would occur.
Conversely, it was not possible to conduct a volumetric measurement of the 205 L
drums used in the PST due to the excessive resulting mass of water. Here a resin impreg-
nation technique is used. Developed at the University of Surrey, it is a method that allows
the determination of the in-situ density of a loose, granular soil while causing minimal
disruption to a prepared sample. This technique was detailed and later updated by [34],
and further refinements for fine grained cohesionless materials were proposed by [35].
This test makes use of an epoxy resin containing Stycast W-19 resin, Catalyst 24LV, and
the diluting agent Silquest A-1100. The optimal ratio of each chemical varied depending
upon the particle size range, however, the nominal ratio used is 100 parts resin to 30 parts
catalyst to 20 parts dilutant. Needles were manufactured 40 cm in length with a 2.1 mm
outer diameter and a 1.6 mm inner diameter. The tips are bevelled at 45 degrees. Thin
wire wool is inserted into the tip of the needle up to 25 mm to prevent the backfill of soil
into the needle as it is inserted into the sample.
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The needles are attached to syringe reservoirs and inserted into the soil mass, as shown
in Figure 9b. A known quantity of resin is dripped slowly into a syringe reservoir and
allowed to flow under gravity through the needle into the soil until no further resin is ab-
sorbed. Resin losses are determined as the difference between pre- and post-test weight
measurements of all resin preparation and injection equipment. Curing takes between 12
and 48 hours, dependent on the dilutant quantity added, after which the resin sphere is
removed from the sand mass and coated in additional resin to fill external voids and wa-
terproof the surface. The sphere is weighed to determine the mass and submerged in water
to determine its volume using the Archimedes principle. The mass of the impregnated
resin is subtracted from the mass of the sphere and the overall density of the soil alone was
determined as follows:
Density of soil =
mass of sphere − mass of resin
volume of sphere
(3)
The low, medium and high density measurements of ES-1 and ES-3 samples used for
PST are shown in Table 6. The results indicate that ES-1 has an average low density
similar to that of the medium density ES-1 DST samples shown in Table 2. This would
be expected due to the height from which the simulant is poured and the self-compaction
of the sample towards the bottom of the bin due to the soil surcharge. It is noted that the
medium density range still fits well in between the lowest and highest density. It is also not
unexpected that the high density value would be lower than the high density value from
the DST as the PST equipment did not allow for the samples to be compacted. The range
of these values is large enough to show variation in pressure-sinkage bearing strength as
compaction level changes. It should also be noted that there is no standard deviation for
the results of the high density test as the same quantity of material was used in each density
measurement.
The resin impregnation technique used on ES-3 samples provided measurements for
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1 cm
(a) The resulting sphere (SSC-2) [29] (b) Resin impregnation needle ar-
rangement [35]
Figure 9: Pressure sinkage apparatus.
high, medium and low density samples. However, the resin impregnation conducted on
ES-3 gave unexpected results: the low density (1.66g/cm3) is greater than the medium
density (1.61g/cm3). The medium density is obtained by first preparing a poured density
sample and the vibrating it. The vibration process to compact to medium density gave a
clear indication of success by the observation of a drop in the surface level of the sample.
Therefore, the anomalous result indicated by the resin impregnation has to be identified.
To do so, 13 L samples of ES-3 were prepared using both vibration and pouring techniques
and the density measured volumetrically.
The densities obtained from the vibrated sample in the 13 L bins are close to that
obtained via resin impregnation in the drums with a good level of confidence, thus val-
idating the high density resin impregnation measurements. The poured density value of
1.51g/cm3 obtained in the 13 L bin clearly indicates that the ES-3 low density value, ob-
tained via resin impregnation, is anomalous. However, it is not accepted that the 13 L
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bin value can be used directly to determine the PST density value, as compaction due to
the weight of ES-3 itself is not factored in the calculation. To obtain a better estimate of
the poured PST sample density, the change in volume of poured ES-3 samples before and
after compaction was considered. The drop in sample height after vibration was used to
estimate the volumetric change between low and medium density samples. A low density
estimate can be calculated by adjusting the medium density measurement for the volu-
metric change. The 13 L test results and refined density values for ES-3 are shown in
Table 7. This final low density value is closer to that expected when considering the DST
measurements.
To explain the anomalous results obtained via resin impregnation on poured ES-3 PST
samples we have to consider the sensitivity of the localised compaction level around the
needle as it is inserted. Furthermore, the high void ratio in the poured samples places a
higher bias on the resin flow easily due to gravity, rather than by capillary action alone.
The result of this can be seen in Figure 10a, where long, rod shaped ES-3 resin samples
were formed instead of the more symmetric spheres obtained in previous tests [28] [29]
[35]. The result of this phenomenon is a density measurement representative of a large
depth range of ES-3, rather than a localised region of the sample.
2.3.2. Results
There are no approved standard procedures for pressure-sinkage test methods (such as
the ASTM standards followed in other tests) or the analysis of the resulting data. Here,
the method proposed by Wong [36] is used. What we aim to obtain is a linear best fit to a
log-log plot of the pressure sinkage data in order to determine the mechanical parameters
used in the Bekker pressure-sinkage relationship, equation 2, as illustrated in Figure 11.
The Wong method is based on this concept, however, in practice it is an entirely analyt-
ical approximation method based on a least squares fit. Due to the resulting bias on low
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Low density (g/cm3) Medium density (g/cm3) High density (g/cm3)
ES-1
Density 0.79 0.82 0.90
Std. dev. 0.018 0.004 -
ES-3
Density 1.66 1.61 1.73
Std. dev. 0.039 0.019 0.038
Table 6: Average density of ES-1 and ES-3 when prepared using low, medium and high
density sample preparation techniques for pressure-sinkage testing.
Low density (g/cm3) Medium density (g/cm3) High density (g/cm3)
Small scale tests
Density 1.51 - 1.73
Std. dev. 0.003 - 0.006
Final densities
Density 1.58 1.61 1.73
Std. dev. - 0.019 0.038
Table 7: Average density of ES-3 when prepared using low and high density sample prepa-
ration techniques for pressure-sinkage testing and tested using the volumetric technique.
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5 cm
(a) Resin rod (ES-3)
1 cm
(b) Resin sphere (SSC-1) [28]
Figure 10: Simulant samples after resin injection
pressure values when using a log scale, a weighting factor is used to mitigate the issue.
The value of n is obtained from the average of that measured for each of the two plate
sizes. Equation 2 is rearranged below to allow the remaining soil constants, kC and kφ,
to be determined by the simultaneous equations 4 and 5. This method makes use of the
pressure readings a1 and a2 at log(z) = 0 and the plate sizes b1 and b2
kc =
a2b2 − a1b1
b2 − b1 (4)
kφ =
a1 − a2 · b1b2
b2 − b1 (5)
This method is developed in [9] to utilise a computer processor in order to mitigate
ambiguity in the linear fits inherent in the trend lines produced by a human operator. The
weighted least squares method provides the statistical best fit for the data. The method is
applied here for the analysis of the ES-1 and ES-3 data using a modern desktop computer.
For each soil and density, the data for each plate-pair test was cross-processed and aver-
aged to produce the respective parameters. Table 8 presents the pressure-sinkage constants
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n (-) kC (kPa/mn) kφ (kPa/mn−1)
ES-1
Low density (g/cm3) 0.67 67.28 0.68
Medium density (g/cm3) 0.71 61.96 1.30
High density (g/cm3) 0.75 142.36 1.66
ES-3
Low density (g/cm3) 0.92 1727.51 -14.12
Medium density (g/cm3) 0.87 1931.13 -16.41
High density (g/cm3) 0.76 2312.59 -30.10
Table 8: Pressure-sinkage test results for samples of ES-3 prepared under low, medium
and high density conditions.
for low, medium and high density samples of both ES-1 and ES-3. The results for tests in
low, medium and high density samples of ES-1 are shown on a linear scale in Figure 12
and ES-3 in Figure 13, with Bekker model fits.
3. Discussion
3.1. Direct Shear Testing
The critical state shear stress is often considered in terramechanics as it is more appli-
cable to the large strain conditions imparted by vehicles on the terrain. However, assum-
ing a constant cohesion is not always valid, as moving outside of a tested range of normal
stresses may result in a line of a different slope. While this has not been observed in the
tangential analysis in general here, the values must be assumed as indicative and not taken
as absolute readings for the simulant materials.
In general the distribution observed between each initial sample density in the ES-2
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Figure 11: Graphical representation for determining the pressure readings, a1 and a2, for
plate widths b1 and b2 [9]
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Figure 12: Pressure-sinkage tests for samples of ES-1. (Dashed line: experimental data;
solid line: Bekker model fit for small plate)
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Figure 13: Pressure-sinkage tests for samples of ES-3. (Dashed line: experimental data;
solid line: Bekker model fit for small plate)
and ES-3 shear strength measurements are consistent, regardless of the initial density con-
ditions. This form can be seen in Figures 7b and 7c and is appropriate when considering
the critical state model for shear strength. The data show a consistent trend in the failure
envelope, giving average instantaneous friction angles of 39.3 degrees and 35.9 degrees for
ES-2 and ES-3 respectively. The ES-2 particle shape has been observed as more angular
than ES-3 particles, therefore it is not unexpected to find ES-2 producing a friction angle
over that of ES-3.
An exception to these findings is seen in the DST results for ES-1. The data produce
an unusual plot where the high density shear stresses are consistently higher than those
measured at low and medium density, which follow a consistent trend in shear strength
as expected by taking measurements at the critical state of shearing. The friction an-
gle appears to be similar to that of the lower and medium density materials; however,
the apparent cohesion is significantly and consistently higher, implying these are not just
anomalous results. The shear plots also indicate strain-hardening is occurring in the ES-1
samples, as seen in Figure 6a (all tests on ES-1 followed this trend). This is an indicator
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of shearing in dense, granular material where limited or non-flow deformation is observed
[37]. It is hypothesised by the authors that the particle shape may be having an effect due
to the tight compaction . This result appears to illustrate the limitation of critical state the-
ory in certain materials. Similar results have been shown in [38]. Here a new type of soil
behaviour has been observed which does not obey the critical state model. It is suggested
that ES-1 is also demonstrating this transitional behaviour. This is similar in manner to
cohesive soils, also typically platy in nature, which do not follow critical state theory. It
would be expected to find a polished shear surface as the particles align due to the nature
of their shape, which is also wavy in form due to the nature of the shear plane develop-
ment in the DST of platy materials. Both these effects appear to be the case in the ES-1
sample removed from the shear box after DST, shown in Figure 14a. Similar formations
in the shear surface have been observed in similar tests on other platy materials. In [39]
direct shear tests were interrupted at successive displacements and photographs taken of
sections of each sample. Two such sections are reproduced in Figure 14b illustrating the
shear plane form at the critical state. A similar result is presented in [40], where sand-mica
mixes of varying proportions are subjected to DST. The findings show that at 40% mica
fraction a split shear zone is formed with slickensided texture to the surface. Analysis of
electron microscope images of the shear plane show clay particles orientated parallel to
the surfaces of the sand grains.
This would suggest that if the particle shape of ES-1 is not rounded, as generally
assumed in granular or “cohesionless” materials, the greater specific surface area could
cause the observed higher levels of apparent cohesion. In finer particulate material (such as
ES-1), inter-particle forces such as electrostatics, which has been observed in the material
samples, or Van der Waals forces between these extremely small particles begin to have a
notable effect on cohesion. Furthermore, despite heating the material at 110◦ for 48 hours
the cohesive nature of the material is still observable, implying some water molecules may
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1 cm
(a) Here the sample is seen to hold its form after
removal from the shear box and shows the wavy
form of the shear plane.
(b) A similar process is described in [39]
Figure 14: Post-DST analysis of ES-1 sample.
still be bound to the particle surfaces. It would require further heating at a much higher
temperature to assess whether this is the case or if the response is caused by something else
(such as the angular particles interlocking under compression). The unanticipated nature
of the results will be explored in a future investigation into the behaviour of this material.
3.2. Pressure Sinkage Testing
It is clear in the case of these results that the initial density of the simulant has a measur-
able effect on the final parameter values. The values for measurements on various sands
and sandy loams, similar to those used here, have also shown similar results, including
negative kc values, as reported in [9] [41]. Fine granular materials are also subjected to
PST in [42] using a similar experimental method. However, the analysis procedure utilises
the data fitting routines included in the MATLAB software package.
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Unlike the DST parameters, the parameters measured for ES-1 and ES-3 all indicate
a sensitivity to the initial density of the sample, shown in Figure 15. We see a downward
trend in the soil exponent, n, with density in ES-3 and an upward trend in ES-1. A similar
pattern is observed in the cohesion coefficient, kC, and a consistent upward trend in the
internal friction angle coefficient, kφ, of both simulants. We can draw from these findings
when analysing the performance of a rover on loose terrain using the terramechanics theory
proposed by Bekker in [8]. Moreover, consideration of the initial conditions of the soil
being used to test any vehicle must be included in the analysis.
The presence of an initial pressure peak in the first few centimetres of sinkage during
the PST of ES-3 at high density, shown in Figure 13c was an unexpected finding in this
study. As this peak does not reflect the response of the soil deformation alone the Bekker
model does not account for this unexpected behaviour. Therefore, all data under 2 cm
sinkage were rejected in the analysis of the ES-3 PST. It is interesting to note that these
peaks are visible only in the high density tests. This is identical to the shearing response
observed in the DST tests on the same material, indicating a peak in the shearing stress as
the shear zones are first mobilised in the sample. It is also understood that peak shearing
stress in DST is proportional to the sample density, which would explain the lack of peak
stresses in the lower density ES-3 PST [32]. However, Figure 16 shows the PST plot from
an identical test performed on ES-3 in the smaller 64 L bin. Here we see an even greater
initial pressure peak and post-peak residual pressure that, despite the efforts of the authors,
would indicate there is also interaction with the container boundaries.
Considering the experimental conditions for the PST in this article, there are a further
two, more subtle aspects of the shearing process that are most likely to have contributed
to the peaks effect. Firstly, the dilation in the material surrounding the shear plane may
be constrained by the container walls. This will result in a greater stress within the ini-
tial turbulent zone of particles than that under unconstrained conditions. Furthermore,
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Figure 15: Mechanical parameters for the Bekker pressure sinkage model
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Figure 17: Shear planes developed beneath a pressure plate in a deformable soil sample
if the turbulent zone does not contract beyond the constraining limits of the boundaries
as shearing continues, it will be unable to settle into a completely homogenous shearing
plane. Consequently, this will result in a higher residual stress, such as that observed in
the smaller container. Secondly, the shear planes developed by this process are defined by
[43] as the combination of active and passive Rankine zones connected by a radial loga-
rithmic spiral. This is illustrated in Figure 17. The extent of the reach of the shear planes
are proportional to the pressure plate diameter and internal friction angle (α = 45 − φ/2).
It is predicted that a larger pressure plate will extend the range of the shearing planes,
resulting in greater interaction with the container boundaries. Again, this is seen in the
high density plot in Figure 13c, where the magnitude of the peaks in the small plate tests
is much lower than that of the larger plate tests. These shear planes are also sensitive to
the internal friction angle, as seen from the ES-1 tests in the same, 64 L container. This
material has a friction angle lower than that of ES-3, but does not have any such initial
peaks in the pressure.
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4. Conclusion
This paper has presented the direct shear tests (DST) and the pressure sinkage tests
(PST) performed on three new Martian soil simulants, proposed as test materials for the
traction performance testing of the ExoMars rover locomotion system. Each soil simulant
was tested at three levels of density to better understand how the macro-mechanical prop-
erties of soil (specifically cohesion, friction angle, and pressure-sinkage constants) change
under varying conditions. Unlike ES-2 and ES-3, the critical shear strength of ES-1 does
appear to depend on its initial density. This is in contradiction with the critical state theory,
observed in practice in the two other simulants. Further experimental exploration of the
behaviour of ES-1 is planned.
The PST on ES-3 exhibited unexpected initial peaks in the first 2 cm of sinkage; this
was observed in the high density samples in particular. However, these were not seen in
the tests on ES-1. The suggested cause is the boundary effects resulting from the use of
a container of insufficient size. The lower internal friction angle of ES-1 is likely to have
mitigated this effect in identical tests using the same equipment.
The three new Martian soil simulants defined here have been subjected to accepted
and proven methods of mechanical testing. These parameters allow both the comparison
of the simulants to their Martian counterparts and their use in bulk quantities when creat-
ing terrain analogues terrestrially. Furthermore, the tests performed on these materials are
extensive and thorough, illustrating the measurable variations in their respective parame-
ters and identifying preliminary trends in the values. These effects have also allowed the
identification of potential pitfalls in the measurement of the parameters, where boundary
effects may influence the instrument readings. Careful consideration of the preparation of
simulant test samples during the development of exploration rover technology is necessary
to ensure the tractive performance is fully and accurately profiled.
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